We studied morphological and allozymic variation in populations of Japanese salamanders, Hynobius boulengeri and H. stejnegeri. Adult H. boulengeri showed sexual dimorphism, and juveniles differed greatly from adults in many morphological characters. From the results of multivariate analyses of morphological characters, the populations were divided into four groups: (I) H. boulengeri from Honshu, (II) H. boulengeri from Shikoku, (III) H. boulengeri from the Sobo-Katamuki Mountains of Kyushu and H. stejnegeri, and (IV) H. boulengeri from the Amakusa Islands and the Osumi Peninsula. Phenotypic relationships among the four groups were identical to relationships clarified by allozymic analyses, except for group IV, which was included in group III in the allozyme tree. Some morphometric characters were significantly correlated with environmental variables. We consider H. stejnegeri to be a valid species based on its unique color pattern, morphometric characters, and allelic composition, even though it was nested within group III of H. boulengeri by both morphological and allozymic analyses. We propose that group I from Honshu and group II from Shikoku should be treated as H. boulengeri sensu stricto and H. hirosei, respectively. Resolving the taxonomic status of the remaining populations of groups III and IV from Kyushu requires further study.
INTRODUCTION
The hynobiid genus Hynobius consists of about 30 species mainly from eastern Asia (AmphibiaWeb, 2006) . Most species of Hynobius are small salamanders and are generally difficult to identify because of their morphological similarities (Matsui and Miyazaki, 1984; Matsui et al., 2002) . More than half of the species of this genus occur in the Japanese islands, but their identification is often difficult without information on sample locality (Sato, 1943; Matsui et al., 2004) . In contrast to morphology, these species are well differentiated genetically (Matsui, 1987; Matsui et al., 2001 Matsui et al., , 2004 . Indeed, recent genetic studies have suggested the presence of some unnamed cryptic species Tominaga et al., 2005a Tominaga et al., , 2006 Matsui et al., 2006) . However, few morphological assessments of these cryptic species have been made.
According to Sato (1943) , Japanese species of Hynobius are split into the lowland, still-water breeding type (lentic breeders), belonging to the nebulosus-lichenatus group, and the montane, stream breeding type (lotic breeders), belonging to the naevius group. Hynobius boulengeri (Thompson, 1912 ) is a lotic breeder and is considered a member of the naevius group of Sato (1943) . This species is morphologically distinct among congeners, with a large body size and monotonous slate body color, and was originally described from Honshu Island as a species of the distinct genus Pachypalaminus (Thompson, 1912) . Its generic status has been debated for decades (Dunn, 1923; Sato, 1934b; Nakamura and Uéno, 1963; Nishio et al., 1987) , but intraspecific variation and even the distribution of this species have been addressed only recently (Nishikawa et al., , 2003 (Nishikawa et al., , 2005 .
Currently, H. boulengeri is known to occur in discrete regions of Honshu, Shikoku, and Kyushu (Sobo-Katamuki Mountains, Amakusa Islands, and Osumi Peninsula; Fig. 1 ). Sato (1934b) synonymized H. hirosei Lantz, 1931 from Shikoku Island with this species, while noting that it could be treated as a distinct subspecies. Nishikawa et al. (2001 Nishikawa et al. ( , 2005 studied H. boulengeri, as well as another distinct species, H. stejnegeri, genetically and recognized three welldifferentiated groups (Honshu, Shikoku, and Kyushu) . Surprisingly, H. stejnegeri was nested within the Kyushu group. This finding was unexpected, because H. stejnegeri is well known for its blotched dorsum (Dunn, 1923; Sato, 1943) , which contrasts with the monotonous body color of H. boulengeri. In fact, the dorsal markings of H. stejnegeri have caused it to be confused with H. naevius (Stejneger, 1907) . As is the case in many other Hynobius species, morphological variation in H. boulengeri and H. stejnegeri has not been studied extensively, making taxonomic assessment of these species difficult.
In this paper, we examined intra-and inter-population variation in the external morphology of H. boulengeri and H. stejnegeri to delimit morphological entities. We estimated phylogenetic relationships among populations through a study of allozymes, and we correlated morphological and genetic variation in these two species. Our study supplements previous allozyme studies (Nishikawa et al., , 2005 . We also examined the relationships between environmental factors and patterns of variation in morphological characters. Using our current findings, we propose a classification of H. boulengeri and H. stejnegeri.
MATERIALS AND METHODS

Morphological analysis
We examined a total of 258 specimens from 14 populations (Pops 1-14) of H. boulengeri and H. stejnegeri collected mainly in the breeding seasons from 1954 to 2003 (Fig. 1, Table 1 ). We collected many more adult males than adult females, because males stay in streams much longer than females at the breeding site (Nishikawa et al., unpublished data) . We could not examine sufficient numbers of females and juveniles to assess their geographic variation. For this reason, we combined samples collected from nearby locations into one population (see Appendix 1).
Salamanders captured in the field were fully anesthetized and tissues were removed for genetic study. They were then fixed in 10% formalin before final preservation in 70% ethanol. Sex and maturity were observed directly by gonad dissection. All specimens were stored at the Graduate School of Human and Environmental Studies, Kyoto University (KUHE). We also examined preserved specimens in private collections of Ms. M. Sakamoto (SK), Mr. S. Sato (ST) , and Mr. S. Tanabe (T), and in collections of the National Science Museum of Tokyo (NSMT) and the Osaka Museum of Natural History (OMNH; Appendix 1).
To examine morphological variation, we chose a total of 31 (26 metric and five meristic) characters that covered overall sizes and proportions of the salamanders (see Fig. 2 and Appendix 2). All measurements were taken to the nearest 0.1 mm with a dial caliper. We used a stereoscopic binocular microscope to measure characters with small absolute values (<10 mm) and to count the number of teeth. We also recorded the number of individuals that had a regenerated tail.
Intrapopulation variation
Amphibian metamorphs generally exhibit allometric changes in some morphological characters (e.g., Matsui, 1984) , but we could not study allometry to detect ontogenetic variation because of the lack of sufficient numbers and sizes of juveniles. We examined ontogenetic variation in character ratios (R, % ratio of each character to snout-vent length, SVL) and meristic characters among adults and juveniles in a Kyushu population of H. boulengeri (Pop 10). Most of the juveniles used were recently metamorphosed. We studied the length/width ratio of the vomerine tooth series (VTL/VTW), because morphology of the series has been regarded as a key character for diagnosing species of Hynobius (Sato, 1934a, c; Ebitani, 1952 Zar, 1984) . We assessed sexual difference in morphometric characters by analysis of covariance (ANCOVA) with Tukey-like tests (Zar, 1984) , using SVL (see Fig. 2 and Appendix 2) as an independent variable, in a Shikoku population of H. boulengeri (Pop 8), which contained both sexes in sufficient numbers for comparison. In this analysis, all metric values (x) were loge transformed, and their allometric relationship to SVL was expressed by the standard formula (Huxley, 1932) : logex=αlogeSVL+logeb (α: allometric constant; b: initial growth index). Sexual differences in SVL were examined with Student's t-test, whereas meristic characters and character ratios (R) were examined with a Mann-Whitney U-test. We compared sexual dimorphism in allometry and ratios to assess the validity of ratio values for the analysis of morphological variation.
Geographic variation
Among populations examined, we compared SVL by one-way analysis of variance (ANOVA) with the Tukey-Kramer test, and 26 character ratios against SVL and five meristic characters using the Kruskal-Wallis test with Dunn's multiple comparisons test. We omitted tail length (TAL; see Appendix 2 for a list of all character abbreviations used) from the analyses because some individuals had regenerated tails, although we could use other tail characters (BTAW, MTAW, BTAH, MXTAH, and MTAH) that could be measured in an intact condition. Frequencies of tail regeneration were compared between populations by Fisher's exact probability test.
We conducted multivariate analyses for examining overall morphological variation among populations. When we found a high correlation between some pairs of characters, we omitted one of them so as to exclude overweighting effects of these characters on the analyses. Using loge-transformed metric values, we first conducted principal components analysis (PCA). Then, to examine variation only in proportions among samples, we employed canonical discriminant analysis (CDA) with the values obtained in the multiplegroup principal component analysis (MGPCA: Thorpe, 1988) , which excludes the contribution of size variation from multivariate analysis (Thorpe, 1988; Overton et al., 1997) . We constructed a phenogram by the unweighted pair-group method with arithmetic mean (UPGMA) (Sneath and Sokal, 1973 ) using Mahalanobis's (1936) distance (Morph D) obtained from the analysis above, to examine overall morphological similarity among populations under the assumption of a constant rate of differentiation among all branches.
Homogeneity of variances was assessed by Bartlett's test before applying parametric tests (ANCOVA, ANOVA, and Student's t-test). The significance level was set at P<0.05. All statistical analyses were performed with SAS (1990) .
Allozyme analysis
To combine published allozyme data from different sources (Nishikawa et al., , 2005 we conducted new electrophoresis analyses and confirmed the homogeneity of zymograms obtained in previous studies. The experimental conditions, techniques, and interpretation of the zymograms are basically the same as described by Nishikawa et al. (2005) ; for all buffers and enzymes used, see Appendix 3. We combined allozyme data from adjacent samples to facilitate comparison with populations (Pop) defined in the morphological analyses (for combinations of localities, see Appendix 1). As a result, we compared ten H. boulengeri (Pops 3-12, data not available for Pops 1-2) and two H. stejnegeri (Pops 13-14) populations (Table 1 , Appendix 1). We also used one H. naevius (Pop 15) and one H. dunni (Pop 16) population in the comparisons (see below).
We calculated the mean number of alleles per locus (A), the percentage of polymorphic loci (P), and the direct-count heterozygosity (H). The degree of genetic differentiation across populations was calculated using Nei's (1978) unbiased genetic distance (Gen D).
To infer phylogenetic relationships among populations, we constructed a UPGMA tree in BIOSYS-1 (Swofford and Selander, 1981) using Gen D. We also constructed a continuous maximum likelihood (CONTML) tree using PHYLIP vers. 3.5C (Felsenstein, 1993) . Wiens (2000) recently reported that some distance-based methods, including UPGMA and maximum likelihood (CONTML) tests, outperformed other methods currently utilized in phylogenetic studies using allozyme data. Several modifications of coding or weighting of frequency data for parsimony analysis have been proposed (Mabee and Humphries, 1993; Murphy, 1993; Mardulyn and Pasteels, 1994) , but most of these parsimony methods have been claimed to produce erroneous results (Wiens, 2000) . We constructed a maximum parsimony (MP) tree using the method designated by the MANOB criterion (Swofford and Berlocher, 1987) . This criterion utilizes step matrices to weight changes between populations based on Manhattan distance (Sneath and Sokal, 1973) , making the best use of raw data on allozyme frequency (Swofford et al., 1996; Berlocher and Swofford, 1997) ; it has often been employed in phylogenetic studies using allozymes (Anderson, 2000; Morris et al., 2001; Brown and Guttman, 2002) . The MP tree was constructed by PAUP* vers. 4.0 (Swofford, 2002) with global rearrangement and random input order options. We used H. dunni (Pop 16), a lentic breeder of the nebulosus-lichenatus group, as an outgroup to root CONTML and MP trees.
We treated the trees obtained in the above analyses to represent phylogenies. Support for each node in these trees was assessed using 1,000 bootstrapped pseudoreplicates (Felsenstein, 1985) . Although Hillis and Bull (1993) noted that a clade supported by ≥95% bootstrap probability was reliable, we considered bootstrap support ≥70% as moderate to strong, and about 50% as weak but meaningful, as reported in several recent phylogenetic studies using allozyme data (e.g., Chippindale et al., 2000; Brown and Guttman, 2002) .
Correlation of morphological characters with environmental variables
To investigate effects of genetic and environmental factors on overall morphological variation, we used the Mantel test (Mantel, 1967) and the partial Mantel test (Smouse et al., 1986) to analyze autocorrelation between the matrix of Morph D and each of the two matrices, Gen D and Geo D. For Geo D, we measured the straightline geographic map distance in km between each pair of populations. In the Mantel and partial Mantel tests, probabilities were read directly from the distributions of 10,000 randomized matrices. This analysis was conducted using ARLEQUIN ver 2.000 (Schneider et al., 2000) .
We assessed correlations between 32 morphological characters (SVL, 26 ratios and five meristic characters) and environmental variables (latitude, longitude, altitude, mean annual temperature, mean annual precipitation, and the number of sympatric salamander species) by Spearman's rank correlation test. Meteorological values were means for the last 20 years obtained from the Japan Meteorological Agency (URL: http://www.data.kishou.go.jp). Because in situ data were rarely taken exactly where we collected specimens, we chose available sites encircling actual collection sites from the source above, and averaged the data from them (see method in Matsui, 1984) . Data for the number of sympatric species were taken from the literature (e.g., Environmental Agency of Japan, 1981), personal communications, and our own field observations.
When we found significant correlations among environmental variables, we employed a partial rank correlation test to assess correlations between morphological characters and each of these environmental variables by controlling the others.
RESULTS
Morphological variation
Measurement data for 31 characters in 12 populations of H. boulengeri and two populations of H. stejnegeri are shown in Table 2 . 
*excluding individuals with regenerated tail, see text.
Ontogenetic variation
Results of the Kruskal-Wallis test in Pop 10 indicated significant heterogeneity between adults and juveniles in 21 characters. According to Dunn's multiple comparisons test, juveniles had significantly larger values than adults of both sexes in nine characters of the head (RHL, RHW, RMXHW, RIND, RIOD, and RUEL) and tail (RBTAW, RMTAW, and RBTAH), and smaller values in seven characters of the trunk (RAGD and RTRL) and teeth (RVTL, VTL/VTW, UJTN, LJTN, and VTN). In the remaining five characters, juveniles had significantly larger values than males in RSL, RUEW, and RVTW, and larger values than females in RMXTAH and RMTAH.
Sexual variation
In Pop 8, the sexes differed in SVL, and females were significantly larger than males (t=5.41, df=40, P<0.001). Analysis of covariance revealed significant regressions on SVL in both sexes for HL, HW, MXHW, LJL, SL, IOD, UEL, AGD, TRL, BTAW, and FLL; only in males for IND, UEW, HLL, VTW, and VTL; and only in females for TAL, MTAW, and BTAH.
All 11 characters significantly regressed to SVL differed between sexes in the y-intercept (loge b), but not in the slope (α). Regression lines showed smaller y-intercept values in females than in males in all characters except AGD and TRL (Table 3) .
Sexual differences in character ratios in Pop 8 are summarized in Table 3 . Sexes differed significantly (P<0.05) in all ratios examined, except RTAL, RBTAH, R3FL, R5TL, RVTL, and VTL/VTW. These sexually dimorphic ratios were often larger in males than in females, and this relationship was reversed only for RAGD and RTRL. The sexes differed in only two meristic characters; females had larger CGN (U=91.50, P<0.001) and smaller LON (U=19.50, P<0.001) than males.
Geographic variation
Among the 14 populations examined, the mean SVL of males varied greatly, ranging from 68.5 to 98.3 mm (F13,214=28.94, P<0.001). Population 2 from Honshu had the largest mean SVL, which was significantly larger than that in all other populations except Pops 4 and 5 from Honshu and Pop 7 from Shikoku. In contrast, Pop 12 from Osumi had a significantly smaller SVL than all others except Pop 11 from Amakusa. Populations from Honshu (Pops 1-5) tended to have a larger SVL, whereas those from Amakusa and Osumi (Pops 11-12) were significantly smaller than the remaining populations (Pops 6-10, 13-14).
For ratios, RIOD showed the largest number of significant differences (in 42 population pairs), followed by VTL/VTW, RVTL, and RUEL. For meristic characters, interpopulation differences were largest in VTN (31 pairs), followed by UJTN and LON. We found individuals with regenerated tails in nine populations (Pops 1, 3, 5, 8, (10) (11) (12) (13) (14) . The frequency of regeneration was highest (66.7%) in Pop 11 (Amakusa), followed by Pop 12 (Osumi: 50.0%). The former percentage was significantly higher than those for Pops 1-9 and 13, and the latter was higher than for Pops 1, 2, and 4-9 (Fisher's exact probability test, P<0.05).
In character ratios and meristic characters, populations from Honshu (Pops 1-5) tended to form a group, although a total of 11 characters differed significantly among them.
H. stejnegeri
Sobo-Katamuki Amakusa Osumi 10 11 12 13 14 11.0 9.0 11.7 12.3 11.0 10.6 11.3 (8.5-12.7) (8.0-11.9) (9.1-14.1) (10.9-13.2) (9.5-15.8) (8.9-12.4) (9.3-11.7) 7.3 5.6 7.1 10.4 8.1 7.9 8.6 (5.1-8.6) (4.7-6.1) (4.8-9.3) (9.2-11.5) (6.7-14.0) (5.8-10.5) (6.8-9.7) 9.2 7.6 11.0 10.7 9.8 9.6 9.3 (7.3-11.6) (6.7-9.0) (9.3-12.1) (9.6-12.1) (8.7-14.1) (7.8-11.3) (8.7-10.4) 10.6 8.4 11.6 11.3 10.2 10.5 11.4 (7.4-14.6) (7.5-9.9) (9.5-13.3) (8.9-12.5) (9.3-15.7) (9.0-14.0) (10.4-14.1) 10.2 8.1 11.2 10.9 10.0 9.7 10.5 (7.3-12.1) (7.5-9.0) (9.3-13.0) (8. Populations from Shikoku (Pops 6-9) were grouped more clearly, with a significant difference in only two characters among them. In contrast, we found greater variation in Kyushu populations. Populations of Amakusa (Pop 11) and Osumi (Pop 12) differed only in UJTN, but they differed greatly from the remaining Kyushu populations (Pops 10 and 13-14) in up to 12 characters. Populations of H. stejnegeri (Pops 13-14) did not differ from each other, but they differed from the Sobo-Katamuki population (Pop 10) in two characters.
Multivariate analysis
We found a high correlation between HW and MXHW (r=0.990, df=226, P<0.0001), and TRL and AGD (r=0.963, df=226, P<0.0001). For each of these character sets, we omitted the variable with the highest coefficient of variation in conducting the multivariate analysis. We also omitted TAL as noted above.
A PCA using a total of 23 characters resulted in the first eigenvector indicating positive values of similar magnitudes for all characters examined. Because the first eigenvector was highly correlated with SVL (r=0.954, df=226, P<0.001), we employed an MGPCA, which was thought to exclude an eigenvector effect reflecting size (SVL) variation. Using the 23 size-independent character values obtained from the MGPCA, we subsequently conducted CDA. The eigenvalues of the first three axes in CDA (CAN1-CAN3) accounted for 62.4%, 17.7%, and 6.8% of the total variation, respectively (Wilks's lambda=0.0007, P<0.0001).
Two-dimensional plots of the first two canonical variables (CAN1 and CAN2) completely discriminated the following three groups: (I) H. boulengeri from Honshu (Pops 1-5), (II) H. boulengeri from Shikoku and Sobo-Katamuki Mountains, and H. stejnegeri (Pops 6-10 and 13-14), and (III) H. boulengeri from Amakusa and Osumi (Pops 11-12; Fig. 3A) . Plots of the third against the first variables (CAN1 and CAN3) resulted in clearer separation of Shikoku populations (Pops 6-9) from the Sobo-Katamuki population and the H. stejnegeri populations (Pops 10, 13-14) than in plots of the first two canonical variables (Fig. 3B) . However, the population from Osumi (Pop 12) largely overlapped with two populations from Honshu (Pops 2 and 5) in the third and first axes.
In contrast, group II recognized in CDA was split in the UPGMA phenogram based on Morph D (Fig. 4) , and four clear groups emerged: (I) H. boulengeri from Honshu (Pops 1-5), (II) H. boulengeri from Shikoku (Pops 6-9), (III) H. boulengeri from Sobo-Katamuki and H. stejnegeri (Pops 10, 13-14), and (IV) H. boulengeri from Amakusa and Osumi (Pops 11-12). Hereafter, we treat populations of H. boulengeri and H. stejnegeri as consisting of these four morphological groups (I-IV).
As seen in Fig. 4 , these four groups showed trichotomous relationships, and groups II and III were closer to each other than to groups I and IV. It is noteworthy that Amakusa and Osumi populations in group IV were distant from each other with the longest branch length among all branches observed.
Salamanders of the Honshu group had a large body and were characterized by a wider head and tail, a higher tail, and more teeth in jaws and vomer than those of the remaining groups. The vomerine tooth series was deeper than in the Shikoku (Pops 6-9) and Sobo-Katamuki (Pop 10) groups. Specimens from Shikoku had a moderate body size, and longer head, eyelid, fingers, and toes than in Honshu, a smaller number of jaw and vomerine teeth than in SoboKatamuki, and a shorter trunk than in H. stejnegeri . Also, the vomerine tooth series in Shikoku samples was shallower than in Honshu, H. stejnegeri, and Amakusa (Pop 11). Samples from Sobo-Katamuki had intermediate morphology between the Honshu and Shikoku samples, and had longer tail, fore-and hindlimbs, fingers, and toes than most of the remaining populations. Hynobius stejnegeri had a moderate body size. It had longer trunk, fingers, and toes than Honshu specimens, a longer trunk and deeper vomerine tooth series than Shikoku specimens, and narrower vomerine tooth series and shorter forelimbs than SoboKatamuki specimens. This species had a distinctively blotched body. Amakusa and Osumi samples tended to show smaller values in as many as 22 characters than the remaining samples. These samples were characterized by a small body size, small head characters, short limbs, long trunk, and deep vomerine tooth series.
Allozyme analyses
Of the 22 loci resolved, two (mAat-A and Pep-lgg) were monomorphic across all populations. Values of A, P, and H varied greatly, ranging from 1.1 in Pops 11 and 16 to 2.3 in Pop 8, from 9.1% in Pop 11 to 54.5% in Pop 8, and from 1.0% in Pop 16 to 10.3% in Pop 14, respectively.
In the parsimony analysis based on the MANOB criterion, a single parsimonious tree was obtained (score=53.9). Only about 30 bootstrap pseudoreplicates were analyzed in the CONTML program of PHYLIP, because subsampling resulted in populations with identically transformed gene frequencies. We repeated this procedure until accumulating 100 pseudoreplicates for assessing nodes in the CONTML tree. Topologies of UPGMA, CONTML, and MP trees were consistent except for the order of branching at deeply nested samples (only the UPGMA tree is shown in Fig. 4 ). These three trees consistently indicated that all populations of H. boulengeri and H. stejnegeri are monophyletic, although bootstrap support was not high (bootstrap values of 67, 50, 62% for UPGMA, CONTML, and MP, respectively). The populations were first split into H. boulengeri from Honshu (Pops 3-5, corresponding to morphological group I), and the others were further split into H. boulengeri from Shikoku (Pops 6-9, group II) and the remaining populations from Kyushu (Pops 10-14, groups III and IV). Thus, three main groups, i.e., (1) Honshu, (2) Shikoku, and (3) Kyushu, could be recognized genetically.
Monophyly of group 1 was strongly supported (100, 100, and 92% in the UPGMA, CONTML, and MP trees, respectively), whereas that of groups 2 and 3 was moderately to weakly supported (68, 53, and 92%, respectively; Fig. 4) . Group 2 was found to be monophyletic (98, 95, and 99%, respectively) , but monophyly of group 3 was ambiguous (97, 60, and ≤50%, respectively). Within-group genetic divergence was minimal in group 1, compared to other two groups (Fig. 4) . In group 2 (Pops 6-9), Pop 9 tended to diverge from the remaining populations as seen in the UPGMA tree (Fig. 4 ), but this relationship was not always sufficiently supported. Group 3 (Pops 10-14) showed a trichotomy of subgroups, i.e., H. boulengeri from SoboKatamuki (Pop 10), H. boulengeri from Amakusa and Osumi (Pops 11-12), and H. stejnegeri . Monophyly was moderately to weakly supported in H. boulengeri from Amakusa and Osumi (82, 77, and 51%, respectively) and in H. stejnegeri (87, 85, and 52%, respectively) .
Environmental variation and number of sympatric species
Among sampling sites, latitude, longitude, and altitude ranged from 31°08' to 34°22'N, 130°20' to 136°06'E, and 420 to 1,600 m asl, respectively. Mean annual temperature and annual precipitation ranged from 5.6 to 13.3°C and from 1,339 to 3,253 mm, respectively. For the five environmental variables, we found significant correlations only between latitude and longitude (r=0.926, P<0.001), longitude and annual mean temperature (r=-0.635, P=0.015), and altitude and annual mean temperature (r=-0.871, P<0.001).
Altitudes for groups I to III were similar (mean=1,093-1,146 m) and much higher than for group IV (mean=515 m). Mean annual temperature for group I (7.5°C) was slightly lower than for groups II and III (8.9 and 9.0°C), but both of these were much lower than for group IV (13.7°C). Mean annual precipitation was lowest for group I (2,035 mm) and highest for group III (2,783 mm). Groups II and IV had intermediate precipitation (2,428 and 2,328 mm). Thus, group IV (Amakusa and Osumi) was characterized by having lower altitude and warmer temperature than the remaining groups.
Small salamanders known to be sympatric with H. boulengeri and H. stejnegeri include Onychodactylus japonicus and H. naevius (personal observations); the former sympatric species is absent from Kyushu. The number of sympatric species varied from zero in Amakusa and Osumi to two in six populations from Honshu and Shikoku. 
Correlation of morphological characters with environmental variables
As described in the results of multivariate analyses, we omitted RMXHW and RAGD from this analysis because MXHW and AGD were highly correlated with HW and TRL, respectively. The Mantel test gave significant autocorrelations between the matrix of Morph D and each matrix of Gen D and Geo D (Table 4 ). Because we also found a significant correlation between matrices of Gen D and Geo D, as expected from the isolation-by-distance model (Wright, 1943) , we conducted a partial Mantel test to control for the effect of the correlation between Gen D and Geo D on the correlation test between Morph D and each of these two distances. The results indicated that Morph D was correlated with Gen D, but not with Geo D (Table 4) .
We next compared each morphological character with five environmental variables and the number of sympatric species. We found significant correlations among several of these variables, as mentioned above. Therefore, in conducting partial correlation tests to assess correlation of morphological characters with these variables, we employed only one variable and controlled another in each of these comparisons of variables. The number of sympatric species was not correlated with any of the environmental variables in the partial correlation test.
Of the morphological characters examined, only eight correlated significantly with any of the five environmental variables (Table 5) : six characters (RIOD, RTAL, RHLL, RFL2, RFL3, and RTL5) correlated with altitude, three (RHLL, RFL2, and RFL3) with temperature, and RMXTAH, SVL, and RHLL with latitude, longitude, and precipitation, respectively. Of these, RIOD was negatively correlated with altitude, but all other correlations were positive. Regarding the number of sympatric species, four characters (SVL, RHL, RIND, and RTRL) exhibited correlations, of which only RTRL was negative (Table 5) . Thus, we found a total of 16 correlations between morphological characters and environmental variables or number of sympatric species. Among these correlations, seven (43.8%) were exhibited by characters related to limbs (RHLL, R2FL, R3FL, and R5TL).
DISCUSSION
Intrapopulation variation in morphology
Juveniles showed larger values relative to SVL than adults in nine characters, six of which were related to the head. This pattern of juveniles with relatively large head organs is a general trend in various vertebrates (Huxley, 1932) , including salamanders (Lynch, 1981) , and it suggests that organs essential for life, such as the eyes, jaw, and brain case, in which width was approximated by IOD, form earlier in the course of morphogenesis. Although we could not analyze the allometric pattern of these characters, most of them are thought to be negatively correlated with SVL.
The shape of the vomerine tooth series, which has been regarded as diagnostic in Hynobius species (Sato, 1934a, b, c) , did not differ sexually in adults. However, length of the series relative to width was shorter in juveniles than in adults. Formation of vomerine tooth series is known to proceed with longitudinal growth of the vomer in a lotic breeder, H. kimurae (Misawa, unpublished Ph. D. dissertation) , and similar morphological change is expected in H. boulengeri. Ontogenetic morphological changes of vomerine tooth series must be considered in examining geographic variation and identifying species of Hynobius using this character.
The sexual differences in allometric patterns of characters against SVL largely corresponded to sexual dimorphism in character ratios. From these results, ratio values can be safely employed in analyzing morphological variation, although statistical comparison of ratio values should be made with caution (Atchley et al., 1976; James and McCulloch, 1990) .
In a population examined for sexual dimorphism (Pop 8), females had larger SVL than did males. This tendency was also found in Pop 10, and agreed with patterns reported for amphibians in general (Shine, 1979; Duellman and Trueb, 1986) and for Hynobius in particular (e.g., Sato, 1933; Misawa and Matsui, 1999; Ento and Matsui, 2002; Tominaga et al., 2005b) . The larger body size of females would be dictated by egg-carrying capacity.
Compared to females, males showed relatively large values in all body proportions except RAGD and RTRL. Males of H. boulengeri and H. stejnegeri may combat conspecific males for fertilizing eggs, because during the breeding season the number of males is often smaller than the number of egg-sac pairs which they attend (our personal observations), and some males showed head wounds, which may indicate combat with superior conspecific males. Relatively large heads and long limbs and tails may increase male reproductive success in H. boulengeri and H. stejnegeri, as has been reported for lentic breeding Hynobius species (Park and Park, 2000; Sato, 1992; Tanaka, 1989; Usuda, 1997) and other urodeles (Houck and Arnold, 2003) .
Congruence and incongruence between morphological similarity and allozymic phylogeny Except for the Amakusa and Osumi populations, phenetic relationships estimated from overall morphology largely agreed with phylogenetic relationships from allozyme data among populations. Partial Mantel tests also showed that Morph D was significantly correlated with Gen D but not with Geo D. These results indicate that morphometry of external characters can be used to estimate phylogeny of closely related species or within a species, among which we often cannot find suitable non-metric characters to utilize in phylogenetic analyses.
Of course, these results do not mean that there are causal relationships between genetic and morphological variation, because the genetic data used here were obtained from multi-locus allozymes, which are regarded as neutral in organic evolution (Avise, 1994; Murphy et al., 1996) .
The correlations between morphological and genetic variation may have been caused by factors common to both sources of variation. Because genetic differentiation among populations can be ascribed to geohistorical isolation of habitats by the formation of straits or other geographical barriers (Nishikawa et al., , 2005 , morphological evolution may have been driven by similar geohistorical events.
In contrast, morphological differentiation would also have been induced without accompanying phylogenetic divergence through such geohistorical events. We also found incongruence between morphological and genetic relationships in the position of the Amakusa and Osumi populations. These populations are genetically close to geographically adjacent populations from Kyushu, but their smaller bodies are unique, and they are remarkably divergent morphologically from the latter populations in the UPGMA phenogram, which assumes a constant rate of differentiation among all lineages. This means that the unique morphology of these two populations evolved more rapidly than that of the remaining lineages. A similar case is recognized in the evolution of the unique coloration in H. stejnegeri, in which body color is assumed to have evolved rapidly through its cryptic effect against predators (Nishikawa et al., 2005) . Congruence between morphological similarity and allozymic phylogeny may be violated by such selection, which occurred in each local environment.
Environmental factors that affect morphological variation
Body size (SVL) and certain allometric proportions were significantly correlated with environmental variables. Because poikilothermic animals such as amphibians are more seriously constrained by the local environment than homeotherms, clinal variation in body size and proportions in relation to varying environments has been reported (e.g., Ruibal, 1957; Nevo, 1973; Lynch, 1981; Matsui, 1984) . We found a positive correlation between SVL and longitude when all populations were combined, but the variation in SVL cannot be explained by longitude alone, because SVL differed significantly between the Osumi specimens and one H. stejnegeri population (Pop 14), both of which occur at similar longitudes. Further, Tominaga et al. (2005b) found a negative correlation between SVL and longitude in H. naevius (Type B in their study), which occurs sympatrically with H. boulengeri and H. stejnegeri (Table 1) . This reverse clinal trend in these sympatric species suggests that the presence of sympatric species, in addition to abiotic environmental factors, affects size variation.
We found that some of the limb characters tended to become relatively large with increasing altitude or temperature. However, such trends were not reported for H. naevius (Tominaga et al., 2005b) , and morphoclines seem to differ among species, probably because of different properties of morphogenesis in relation to environmental changes among species. We found two characters of the head (RHL and RIND) to be positively correlated with the number of sympatric species. As shown by Adams and Rohlf (2000) , sympatric distribution may cause food segregation and subsequent morphological differentiation in head characters among species.
The Amakusa and Osumi populations were from the southern-and westernmost localities among the populations examined. Their localities were also the lowest in altitude, and hence the warmest. The two populations were further characterized by a lack of sympatric salamander species. Thus, the distinct morphology in these populations could be explained partly by these abiotic and biotic factors. However, only 11 characters (34.4% of the 32 characters examined) correlated with these factors, although the two populations differed from the other populations in as many as 22 characters (68.8%). Thus, the unique morphology in Amakusa and Osumi cannot be explained simply by clinal effects of environmental variables.
The mean size at metamorphosis was smaller in Amakusa (SVL=26 mm: Nishikawa et al., 2003) and Osumi (31 mm: Nishikawa et al., unpublished) than in H. boulengeri from Kyushu (39 mm: Nishikawa et al., unpublished) . Small size at metamorphosis induces small size at maturity and subsequent adult body size (Misawa and Matsui, 1999) . Frequencies of regenerated tails in Amakusa and Osumi were the highest among the populations examined, although the frequencies were significantly higher than those of only a portion of the remaining populations. A high frequency of regenerated tails implies frequent encounters with predators. There are several possible reasons for this result: (1) enemies are relatively abundant; (2) salamanders are old and have had more chances to be attacked; (3) salamanders are relatively slow; and (4) suitable hiding places are scarce.
Although no ecological data are available at present to assess these four possibilities, at least the age of salamanders seems to be precluded, because our preliminary data indicate that salamanders from Amakusa and Osumi were not markedly older than those of the remaining populations. Similarly, individuals from the two populations did not seem particularly slow in their activity compared to those from the other populations. Habitats of salamanders in Amakusa and Osumi are similar to those in other localities in terms of the presence of dead leaves, rotten wood, and stones and rocks where salamanders hide (Nishikawa, personal observation) . Thus, the high frequency of tail regeneration in Amakusa and Osumi suggests a high relative abundance of predators. If this is the case, salamanders may mature and begin reproductive activity early (Kusano, 1982) , resulting in small asymptotic size. However, our preliminary results of age estimation do not show obvious differences in age at maturity among Kyushu populations.
Small body size in Amakusa and Osumi might be expected to be accompanied by heterochrony (Gould, 1977) , in which characteristics of juveniles are retained in the adult stage. However, adults of these two populations did not exhibit juvenile characteristics as estimated from a population of H. boulengeri (Pop. 10 from Sobo-Katamuki). Therefore, rapid evolution in many morphological characters without a significant amount of genetic differentiation in these two populations should be ascribed to reasons other than heterochrony. More detailed morphological analyses using juveniles and subadults would help clarify this issue. . From the results of this study, the ancestor of H. boulengeri and H. stejnegeri is estimated to have had a large body size, and miniaturization in Amakusa and Osumi, at the periphery of the distributional range of these two species, seems to have occurred as a secondary event in their evolution. Although we have no reliable data at present, this miniaturization seems to have caused body-size overlap with the small type of H. naevius, which would have prevented segregation of habitat (Maiorana, 1978) or food (Lynch, 1985) . For further discussion, phylogenetic relationships of the naevius group (sensu Sato, 1943) in Kyushu (H. boulengeri, H. stejnegeri, and H. naevius) should be clarified, and much more information obtained on the distribution, life history, and ecology of species in the group. Sato (1934a Sato ( , b, c, 1943 utilized skull morphology in determining closely related species of Hynobius, although he failed to adopt quantitative methods and conduct statistical comparisons. Sato (1934b) noted that H. boulengeri from Shikoku, i.e., H. hirosei, might be treated as a distinct subspecies because it differed from the nominate Honshu population in skull morphology, especially in having shorter vomerine tooth series. In our study, we found head characters that contributed substantially to the discrimination of the four groups (I-IV) among H. boulengeri and H. stejnegeri. Because external characters of the head reflect skull morphology, it is worth reanalyzing skull morphology of these species, as well as other species of Hynobius, in a systematic study of this genus.
Body size and sympatry
Taxonomic considerations
From analyses of allozyme variation, Nishikawa et al. (2001 Nishikawa et al. ( , 2005 suggested that the populations of H. boulengeri from Honshu, Shikoku, and Kyushu were genetically differentiated from each other and should be recognized as separate species. Our study not only confirmed these results but also revealed that these three groups are well differentiated in external morphology. We therefore propose to restrict H. boulengeri (Thompson, 1912) to group I from Honshu, and to revive the name H. hirosei Lantz, 1931 for group II from Shikoku.
Taxonomic relationships of the remaining populations from Kyushu (groups III and IV) are more complicated. As reported by Nishikawa et al. (2005) and reconfirmed in our study, H. stejnegeri (part of group III) was genetically close to H. boulengeri from Kyushu (part of groups III and IV). Our study clarified that they are also close to each other in morphometric characters. However, the current recognition of H. stejnegeri as a distinct species should be retained, because it has unique characteristics in color pattern, proportions of some body parts (e.g., trunk length and width of vomerine tooth series), and some allelic compositions (e.g., Ldh-B and sSod-A; see Nishikawa et al., 2003 Nishikawa et al., , 2005 . The remaining population in group III, i.e., the Sobo-Katamuki population, can be distinguished from group IV (Amakusa and Osumi) by certain morphological (e.g., body size, tail length, and forelimb length) and genetic features (mAat-A, Pgm-C, and sSod-A). The Amakusa and Osumi populations formed a group in both the morphological and the allozyme analyses, although they differed slightly from each other morphologically as shown by the UPGMA tree. Taxonomic assessment of the Sobo-Katamuki, and Amakusa and Osumi populations is now underway.
